Marek's disease virus (MDV) is an alphaherpesvirus that causes a highly contagious, lymphoproliferative disorder of chickens known as Marek's disease. Similar to those of other herpesviruses, the life cycle of MDV includes both lytic and latent stages. Initially, a productive infection occurs in epithelial cells, followed by B cells and feather follicles. Latency occurs in T lymphocytes, and following a second wave of cytolytic infection primarily in lymphoid organs, MDV transforms some T cells and produces lymphomas. MDV serotype 1 (MDV1) isolates can be grouped into four pathotypes designated mild, virulent (v), very virulent (vv), and very virulent plus (vvϩ). These pathotypes can all produce disease, and the nomenclature reflects increasing levels of virulence based on mortality in flocks, lesion frequency, and protection by existing vaccines (43) . The sequences of the variable regions of representative strains have been determined previously (38) , but the genetic cause of increased virulence has not been established. Studies over the past several decades since commercial vaccination was introduced suggest that MDV is evolving toward greater virulence (27, 43) .
In MDV-induced lymphomas, a limited number of viral genes are expressed, and genes mapping to the repeat regions are thought to be key to oncogenesis (39) . The meq gene, which is located in the repeat regions and encodes a bZIP transcription factor, plays a major role in transformation and is the primary candidate oncogene for MDV (20, 21) . Latencyassociated transcripts (LATs) are also expressed in tumors and lymphoblastoid cells and during latency (25) . These LATs map in an antisense orientation relative to the ICP4 gene in the repeats flanking the unique short region and consist of a long (10-kb) transcript, at least one small RNA, and several splice variants. No protein product originating from these transcripts has been identified.
MicroRNAs are small, noncoding RNAs that regulate gene expression by base pairing with the 3Ј untranslated region of mRNAs and targeting the mRNAs for translational repression or degradation. All metazoan genomes encode microRNAs, and these molecules have been shown to be involved in important biological processes such as development and differentiation, apoptosis, and the production of cancer (2, 3, 6) . A number of studies point to a role of microRNAs in the regulation of the immune system (18, 22) . Of particular interest is miR-155, which has been demonstrated previously to be important in regulating both B-and T-cell-dependent immune functions (28, 34, 41) . Viruses that replicate in eukaryotic nuclei, including herpesviruses, encode microRNAs, and it has been suggested that these microRNAs play roles in interference with host immune responses and in the regulation of cell growth and apoptosis (for reviews, see references 10 and 30). One Kaposi's sarcoma herpesvirus (KSHV) microRNA (K12-11) shares a seed sequence with miR-155, and candidate targets that may contribute to KSHV-induced tumor formation have been validated experimentally (14, 37) . Viral genes can also be targets for viral microRNAs. In cytomegalovirus (15, 16, 26) and herpes simplex virus type 1 (42), viral microRNAs have been shown to target immediate-early genes and may play an important role in the establishment and maintenance of latency.
Recent studies indicate that viral microRNAs are quite specific for each virus and are highly conserved among related strains, suggesting that sequence conservation is important for virus survival. For example, KSHV microRNAs are distinct and highly conserved across a large collection of different strains (24) . Moreover, a set of conserved microRNAs in the related lymphocryptoviruses Epstein-Barr virus and rhesus lymphocryptovirus has been identified previously (7, 24) . Both oncogenic MDV (MDV1) and nononcogenic MDV (MDV2) also encode microRNAs (4, 5, 46, 47) . While there is no conservation of sequence between the MDV1 and MDV2 microRNAs, they are derived from similar positions in the viral genome (46) .
In the present study, we have extended our previous work on the identification of MDV microRNAs (4, 5) by analyzing microRNA sequences from a collection of reference and field strains that cover the continuum of MDV pathotypes. We found that the sequences of the MDV-encoded microRNAs were highly conserved but that some microRNAs, notably those encoded upstream of the meq oncogene, were more highly expressed in tumors that had been induced by 615K (also known as T. King), an extremely pathogenic (vvϩ) strain. This group of highly expressed microRNAs included mdv1-miR-M4, which shares a seed sequence with miR-155. Deep sequencing of small RNAs from MDV (RB1B strain)-induced tumors indicated that mdv1-miR-M4 was more highly expressed than other MDV microRNAs. We speculate that high levels of expression of this microRNA may be related to the increased pathogenicity of the vvϩ strain.
MATERIALS AND METHODS
Virus propagation and DNA sequencing. DNA from v, vv, and vvϩ reference strains and field isolates was obtained from Richard Witter (Avian Disease and Oncology Laboratory, USDA-ARS, East Lansing, MI) and John K. Rosenberger (Aviserve, LLC, Newark, DE) and has been described previously (36) . DNA was amplified with primers (IDT, Coralville, IA) flanking the meq and the LAT microRNA gene clusters and the microRNA coding sequence in UL40, as well as the putative promoter region of the meq microRNA gene cluster (primers are listed in Table 1 ). Amplified PCR products were evaluated by agarose gel electrophoresis, reaction mixtures showing single bands were purified using a QIAquick PCR purification kit (Qiagen, Germantown, MD), and the purified products were sequenced directly by the University of Delaware Sequencing Center. Any product producing an ambiguous read was subcloned into a TA vector (pCR2.1Topo; Invitrogen, Carlsbaad, CA), and several colonies were selected for sequence confirmation.
Infection of chickens, RNA preparation, and Northern blotting. Fertile broiler eggs were obtained from a commercial hatchery and incubated at the University of Delaware, and hatched chickens were inoculated intraabdominally at 1 day of age with 5 ϫ 10 5 peripheral blood lymphocytes previously obtained from T. King-infected chickens. Two-day-old SPAFAS chickens were infected intraabdominally with chicken embryo fibroblasts (CEF) infected with RB1B (3,000 PFU/chicken). Splenic tumors were excised from chickens 7 to 8 weeks postinfection. DNA and RNA were prepared using Trizol, and viral loads were quantified using quantitative PCR analysis of meq and ICP4 genes (1) . Gels were loaded with equal amounts of RNA (as determined by the A 260 ) from samples with equivalent viral DNA loads and electrophoresed, and the RNA was hybridized to 32 P-labeled antisense oligonucleotide probes as described previously (4) . The intensities of the bands were determined using a Typhoon phosphorimager, and signals in each lane were normalized to that of U6 RNA prior to the determination of relative expression levels.
RT-PCR and quantitative RT-PCR. Relative mRNA levels for meq, ICP4, and the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene in samples used for Northern blots (as described above) were measured using protocols and primers described previously (45) . All samples were treated with DNase, and no amplified product was detected in the no-reverse transcriptase (no-RT) controls.
To determine if the microRNAs encoded upstream of meq were located on the same transcript, total RNA (100 ng) from MSB1 cells was DNase treated, cDNA was generated using a gene-specific primer just downstream of the sequence encoding mdv1-miR-M4* (5Ј-AGACGTTCTACGATGGTTTT-3Ј), and then PCR amplification of that cDNA was performed using the same reverse primer with a forward primer just upstream of the sequence encoding mdv1-miR-M9-5p (5Ј-AAGGTAATCATTCCCGGATA-3Ј). This procedure resulted in the expected band of 1,288 bp. There was no amplification seen in the no-RT controls or the no-template controls.
Deep sequencing. Total RNA from MSB1 cells, an MDV-transformed cell line, was prepared, and splenic tumors from a chicken infected with the RB1B strain of MDV were isolated and submitted to Illumina/Solexa (Hayward, CA) for the preparation of libraries (23) 
RESULTS

Analysis of sequence heterogeneity in MDV microRNAs.
Regions of the MDV genome encoding microRNAs were amplified from various MDV reference strains and field isolates and sequenced. We previously identified mdv1-miR-M2, mdv1-miR-M3, mdv1-miR-M4, mdv1-miR-M5, and mdv1-miR-M12 from one region (4, 5) , and two additional microRNAs (mdv1-miR-M9-5p and mdv1-miR-M9-3p) encoded further upstream were reported by Yao et al. (47) and confirmed by our deepsequencing results (described below). All microRNAs are numbered according to the present miRBase release, and for microRNAs mapping to the repeat regions of the genome, the numbering used herein is based on the internal repeat flanking the unique short region. A schematic of these regions is shown in Fig. 1 . Sequence variations found in a 1,887-nucleotide (nt) region spanning the cluster of microRNA genes upstream of the meq gene (nt 132581 to 134468) are shown in Table 2 . With the exception of the sequences of mdv1-miR-M9-5p and mdv1-miR-M9-3p, the sequences of both arms of the microRNAs from this region were completely conserved among all strains examined and were identical to those of Md5 (GenBank accession no. AF243438), which was used as the reference strain. Two field isolates had a sequence variation (C3T) at position 133384 in mdv1-miR-M9-5p, and mixed bases were found in strain 543 at positions 133392 (G/A) and 133419 (T/C) in mdv1-miR-M9-3p. There were some variations at position 133826, which is located between mdv1-miR-M5 and mdv1-miR-M12, and at position 134327, which is located between mdv1-miR-M2* and mdv1-miR-M4. However, none of these sequence variations correlated with pathotypes. The region upstream of the meq microRNA gene cluster showed more sequence variation than the region encoding the actual microRNAs. One variation, at position 133206 (G3T), was present in all but one vvϩ strain. RT-PCR results indicated that all the microRNAs encoded upstream of meq are present in one primary transcript (data not shown), but attempts to locate the transcriptional start site by the random amplification of cDNA ends or to approximate the transcript size by Northern blotting were unsuccessful, likely due to the low abundance and/or instability of the primary transcript. However, it appears that the 133206 (G3T) vvϩ sequence variation is within the primary transcript or the promoter region of the upstream meq microRNA genes. A 528-bp region (nt 142150 to 142677) containing microRNAs from the LAT region also showed very little sequence variation (Table 3) , and similar to results for the meq microRNAs, none of the polymorphisms were in the mature microRNAs or were associated with particular pathotypes. Sequence variations in the vvϩ strain 615K/T. King compared to the sequences of Md5 and RB1B (3) were identified at position 142340 (T3C) in mdv1-miR-M6* and positions 142514 (C3T) and 142526 (C3T) in mdv1-miR-M7*.
Amplification of the region downstream of meq revealed a single sequence variation at position 136912 (A3G) downstream of mdv1-miR-M1 in one vv strain (595), but the sequences of both the mdv1-miR-M1 and mdv1-miR-M32 microRNAs were identical to the Md5 sequences. The antisense microRNA relative to the ribonucleotide reductase small subunit (mdv1-miR-M31) was conserved in all strains, although a silent mutation (G3A) was found nearby, at position 97182, in the vv strain 549D.
Profile of MDV microRNAs in MDV-induced tumors. We previously identified MDV microRNAs expressed in CEF, where the virus establishes a lytic infection (4). To determine if the microRNA expression profile was different in tumors where MDV established a latent infection, we performed deep sequencing of small RNAs expressed in a splenic tumor from a chicken exposed to MDV (RB1B strain). Based on sequencing frequencies (which are generally considered to correlate with relative concentrations in samples), mdv1-miR-M4 levels were the highest among those of the MDV microRNAs and accounted for 72% of the sequences matching the MDV genome (Table 4 ). In addition, we found that the 3p arm of mdv1-miR-M2 was more highly expressed than the 5p arm, a pattern that was opposite to that observed in sequencing small RNAs from MDV-infected CEF (4). A similar alteration in strand selection was noted for mdv1-miR-M8 as well. MDV microRNAs in MSB1 cells, which are MDV-transformed lymphoblastoid cells, also showed this preference, with mdv1-miR-M5, mdv1-miR-M2*/3p, and mdv1-miR-M8*/5p being the predominant MDV microRNAs in MSB1 cells.
MDV microRNAs are differentially expressed in tumors produced by vv and vv؉ strains. We noted previously (4) that mdv1-miR-M6 and mdv1-miR-M7 are poorly processed in tumors and CEF infected with the RB1B strain. To determine if there was a relationship between processing and the sequence variation noted in mdv1-miR-M6* and mdv1-miR-M7* between RB1B (vv) and 615K (vvϩ) strains, MDV microRNA levels were measured by Northern blot analysis of RNAs pre- The sequence of GA (accession no. AF147806) was obtained from GenBank. pared from tumors obtained from birds infected with either the RB1B (vv) or 615K (vvϩ) strain. As shown in Fig. 2 , microRNAs corresponding to the LAT region (mdv1-miR-M6, mdv1-miR-M7, and mdv1-miR-M8) were expressed at similar levels in tumors induced by the two different strains, and no difference in precursor versus mature forms was noted (data not shown). In contrast, microRNAs from the regions flanking the meq gene (mdv1-miR-M1 to mdv1-miR-M5 and mdv1-miR-M12) were more abundant in tumors from birds infected with the vvϩ strain 615K than in those from birds infected with the vv strain RB1B. mdv1-miR-M2, mdv1-miR-M4, mdv1-miR-M5, and mdv1-miR-M12, which are encoded upstream of meq, were found at approximately three-to sixfold higher levels in 615K-induced tumors than in RB1B-induced tumors, while the levels of mdv1-miR-M3 (encoded upstream of meq) and mdv1-miR-M1 (encoded downstream of meq) were less than twofold higher. Consistent with our deep-sequencing results, the MDV microRNAs originally identified as passenger strands of mdv1-miR-M2 and mdv1-miR-M8 (labeled with ‫)"ء"‬ were readily detected on Northern blots of tumor RNA, and consistent with the expression of other microRNAs encoded upstream of meq, mdv1-miR-M2*/3p was found at higher levels in vvϩ straininduced tumors than in vv strain-induced tumors and mdv1-miR-M8*/5p was present at similar levels in all samples. We also noted that there was a local sequence duplication spanning the vicinity of mdv1-miR-M7 and mdv1-miR-M10; the sequence of mdv1-miR-M7*/5p was identical to that of mdv1-miR-M10-5p over 15 of 23 nt, and the sequence of mdv1-miR-M7-3p was identical to that of mdv1-miR-M10*/3p over 21 of 23 nt. The two bands detected in the Northern blots with antisense mdv1-miR-M7 probes likely represent cross hybridization with mdv1-miR-M10.
The meq region of the MDV genome is transcriptionally active in tumors; however, quantitative RT-PCR revealed little difference in meq mRNA levels between tumors induced by vv and vvϩ strains: when normalized for GAPDH mRNA levels by the ⌬⌬CT method, meq and ICP4 mRNA levels were 1.4-and 1.2-fold higher in T. King (vvϩ) tumors than in RB1B (vv) tumors. Thus, it seems that the higher levels of the meq microRNAs are not due simply to a higher level of general transcription in this area of the genome in tumors induced by the vvϩ strain.
MDV microRNA target analysis. The functions of the MDV microRNAs are not yet known. To determine if MDV microRNAs have cellular homologs or are members of known microRNA families, we compared the seed sequences (nt 2 to 8) of all MDV microRNAs to those of all known microRNAs and found that two MDV microRNAs have limited sequence identity to known chicken microRNAs (Fig. 3) . mdv1-miR-M4 contains the same seed as miR-155, a cellular microRNA that plays a role in immune function development, and the KHSV ortholog of miR-155, kshv-miR-K12-11 (14, 37) . The homology among these miR-155 homologs is limited to the seed sequence. mdv1-miR-M32 shares a seed sequence with miR-221, which targets p27Kip1 protein, a key inhibitory regulator of the cell cycle (13) , and the downregulation of this protein promotes the growth and proliferation of cancer cells (12) .
In order to facilitate the identification of putative target genes for all MDV microRNAs, we have created a database for the 3Ј untranslated region of chicken and MDV cDNAs and implemented several available target prediction software programs (11, 31) to identify potential targets. The predicted chicken cDNA targets are too numerous to list and are best viewed online (http://mdvmicrorna.dbi.udel.edu/). Several MDV genes are candidate targets for MDV microRNAs (http: //128.175.80.65/mdvHits.html). For example, the gene encoding the 14-kDa lytic phase protein is a candidate target for mdv1-miR-M1. We also noted that the viral lipase gene is a reasonable candidate for mdv1-miR-M2, and mdv-miR-M6 may target the viral CXC chemokine gene. The MDV meq microRNAs are in an antisense orientation relative to the RLORF8 transcript, which encodes a protein of unknown function. The LAT microRNAs are in an antisense orientation relative to the ICP4 transcript but appear to be downstream of the mapped end of the transcript (44) . If readthrough extends the ICP4 transcript, LAT microRNAs may act as small interfering RNAs to block ICP4 translation. v  CU2  T  BC1  T  571  T  573  T  617  T  T  GA   a   vv  Md5  T  C  C  549  595  543  RL   vvϩ  615K  C  T  T  648A  660  686  CD  C  T  T  MK  RLP2  RB1B   a   Field isolates  06-011  C  T  T  06-012  C  ND  ND  06-013  C  T  T  06-014  C  ND  ND  06-015  C  T  T  06-016  C  ND  ND  06-017  C  T  T  06-029  C  T  T  06-031  C  T  T  455A  ND  T  ND  AV  T  T 
DISCUSSION
In this study, we have shown that the sequences of the MDV microRNAs from a continuum of pathotypes are highly conserved. The strains examined span the disease spectrum from mild phenotypes, against which vaccination fully protects, to highly virulent forms that rapidly cause lymphoid lesions and atrophy and can result in early mortality (27, 43) . Other than mdv1-miR-M9, no mature microRNAs were found to have sequence variations, and sequence variation in two of the passenger strands (mdv1-miR-M6* and mdv1-miR-M7*) did not appear to affect the levels of the mature microRNAs or the processing of the precursors. Thus, as has been found for other viral systems, the microRNAs appear to be under tight selective pressure that conserves their functions. Several sequence variations in the regions flanking the microRNAs were found; for example, the variation at position 133206 (G3T) is located upstream of all meq microRNAs and is likely to be present within the primary transcript encoding the meq microRNAs or within the promoter for this transcript. This sequence variation generally correlates with viral phenotype in that all but one vvϩ strain have a T in this position and all other strains have a G. We have shown that meq microRNAs are present at higher levels in tumors induced by 615K (vvϩ) than in those induced by RB1B (vv). Although we do not know if the sequence variation has a direct impact on expression levels, we speculate that vvϩ MDV may have evolved a mechanism for the overexpression of microRNAs that are advantageous to the virus and that, although neither the molecular mechanism for higher expression nor the targets of these microRNAs are yet known, the meq microRNAs may play a key role in the pathogenesis of MDV.
It is particularly intriguing that mdv1-miR-M4 in the meq cluster is the most abundant MDV microRNA in tumors, as determined by deep sequencing of splenic tumors from MDV (RB1B)-infected chickens. mdv1-miR-M4 shares its seed sequence with miR-155 and KHSV miR-K12-11. miR-155, which is encoded by the bic gene, has been shown previously to be important in normal lymphocyte maturation and differentiation (34) , and overexpression produces tumors in both mice and chickens (9, 40) . The BACH1/Brip1 gene has been identified as a target for both miR-155 and KSHV miR-K12-11, and a potential binding site in the chicken BACH1 gene is also conserved (14, 37) . BACH1 is a basic leucine zipper type transcription factor that can function as an activator or a repressor and has been implicated in a number of cellular functions such as the regulation of the hypoxic response (32) and DNA damage repair in combination with BRAC1 (8) . A range of additional targets involved in myeloid hyperplasia and hematopoiesis have been identified by O'Connell et al. (28) . The downregulation of microRNAs in tumors is commonly observed, although certain microRNAs can contribute to tumorigenesis (18) . We found that cellular miR-155 is downregu- (29) . It is possible that mdv1-miR-M4 compensates for just a subset of miR-155 functions since only the seed sequence is shared.
The LAT-derived MDV1 microRNAs are particularly interesting since the LATs map in an antisense orientation relative to the ICP4 immediate-early gene. It has been proposed previously that herpesvirus microRNAs downregulate the expression of immediate-early proteins and therefore function in the establishment and maintenance of latency (16, 26, 42) . In the case of MDV2, one microRNA (MDV2-miR-M17) (46) is in an antisense orientation relative to the coding region of MDV2 ICP4 and may potentially target MDV2 ICP4 mRNA for degradation in a manner similar to the mechanism that small interfering RNAs use to effect mRNA degradation. However, the MDV1 situation is somewhat different. For MDV1, eight microRNAs map in an antisense orientation in relation to and immediately downstream of the major transcription termination site for MDV1 ICP4 (4). It is conceivable that these microRNAs may function to suppress ICP4 expression under conditions that result in the leaky termination of ICP4 transcription; however, any role that this scenario may play in the balance between lytic and latent infection is not clear. It should be noted, however, that the positioning of microRNAs in an antisense orientation relative to and downstream of the ICP4 transcription termination site appears to be MDV1 specific and was not found for MDV2, which is nononcogenic.
Deep sequencing of MDV-induced tumor small RNAs also revealed the sequences of the passenger strands of several MDV microRNAs and confirmed two new microRNAs in the meq cluster, which were also discovered in MSB1 cells (47) . In addition, strand selection for mdv1-miR-M2 and mdv1-miR-M8 in tumors appeared to be different from that in CEF (4) and MSB1 cells (47) described previously. Traditionally, the thermodynamic stability of the strands in the stem-loop structure determines which strand is selected as the microRNA, or guide strand and which is selected as the passenger strand (17, 19, 35) . However, Ro et al. (33) have shown that both strands can accumulate in some tissues even in the absence of thermodynamic equivalences and, in addition, that differential strand selection in different tissues can occur. The selection of the opposite strand by the RNA-induced silencing complex will likely target a different set of mRNAs and adds to the complexity of regulation by these molecules.
To facilitate the identification of MDV microRNA targets, we have established a database for the 3Ј untranslated region of chicken mRNAs and implemented current target prediction software to identify candidates. A bewildering list of potential targets was produced upon analysis of the chicken transcriptome, and only a few high-scoring viral candidates were detected. A number of cellular pathways are proposed to be regulated by viral microRNAs, including those involved in viral replication, cell proliferation, apoptosis, and stress adaptation. Each pathway reveals many candidates, and functional analysis of the pathways perturbed by the individual MDV microRNAs, in combination with our database, will facilitate the discovery of the targets. 
